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INTRODUCTION
In today's magnetochemistry, superconducting quantum interference device (SQUID) magnetometers [1] are widely used. Automated measurements of high accuracy are state of the art and have the aim to fully characterize magnetic properties of compounds and materials. The findings serve to determine electronic configuration of the magnetic center, interatomic exchange interactions, diamagnetic contributions, metallic character, superconductivity, spin-glass behavior, superparamagnetism, etc. To take S. HATSCHER et al.
full advantage of experimental data, special attention should be given to: (i) appropriate units, (ii) purity of the sample, (iii) measurement conditions, (iv) suitable graphical presentation of the results, and (v) adequate models. Our practical guide collects subjects which should be taken into consideration in order to present reliable magnetochemical results in a standardized way, to allow correct statements about the electronic structure of the substance under investigation, and to allow comparison between measurements. We presuppose that the reader is familiar with the basic laws and terminology of magnetochemistry.
MAGNETIC QUANTITIES AND UNITS
Two principal systems of electromagnetic units are used in magnetochemistry, which can be called "rational" (the SI system) and "irrational" (here, the CGS-emu system), following ref. [2] . In this report, we summarize the relevant relations in both systems, but suggest the use of quantities that lead to values independent of the two systems: (i) the effective Bohr magneton number µ eff ; (ii) the magnetic dipole moment m and the atomic magnetic dipole moment µ a , each divided by the Bohr magneton µ B (m/µ B and µ a /µ B , respectively). The frequently used quantities are collected in Table 1 together with conversion factors.
It is pointed out that the magnetic susceptibility, χ, although dimensionless, converts by the factor 4π; i.e., χ = 4πχ (ir) . Similarly, the magnetic field strengths are related by H (ir) = 4πH, and the units are related by Oe = 10 3 /4π A m -1 . To avoid the latter inconvenience, we recommend that one use, for example, in graphs B 0 = µ 0 H (loosely called "magnetic field" [2] ) with conversion factor 10 -4 T/G. 
SAMPLES AND MEASUREMENTS
In order to yield correct data sets, one has to pay attention to samples and measurement conditions.
Samples
Generally, only small amounts of substances are necessary for the measurements owing to the high sensitivity of SQUID magnetometers. The precision of weighing the (possibly reactive) sample may then be responsible for the precision of the final data. An ultra-microbalance and a controlled encapsulation of air-sensitive substances in tiny tubes made, for example, of synthetic quartz glass, are necessary preconditions for reliable experimental data. Furthermore, the sample holder contribution to the measured data must be known with high accuracy. If polycrystalline materials are investigated, which is most often the case, one has to pulverize the crystals to such an extent that preferential orientation and movement of the crystals during the measurements are avoided, but magnetic cooperative effects are not destroyed [6] . Ferromagnetic impurities even in low concentration may affect seriously the precision of the susceptibility values. They are detected by field-dependent measurements and, if it so happens, are arithmetically corrected using the χ g (H) = χ g (∞) + σ s /H vs. H -1 plot, where χ g (∞) is the mass susceptibility of the pure sample and σ s the specific saturation magnetization of the impurity. However, one has to beware of too strong applied fields on account of saturation with regard to the compound under investigation (see Section 3.2). Paramagnetic mononuclear impurities are a problem in corresponding polynuclear compounds, especially in the case of antiferromagnetically coupled centers where the susceptibility maximum may be obscured. Diamagnetic impurities in paramagnetic samples cause an error in the weighed portion. In consequence, too small values of susceptibility are obtained for the compound under investigation.
Measurement conditions
To calibrate the SQUID magnetometer with respect to applied field and temperature, the reference compounds given in Table 2 have proved a success. With regard to the recording of magnetization, valuable instructions are given in ref. [10] . The strength of the applied magnetic field should be chosen carefully. On the one hand, the field should be strong enough to produce well signals that can be evaluated readily. On the other hand, too strong a field may affect considerably the susceptibility data leading to magnetic saturation and distortion of weak electronic couplings. Magnetic saturation plays a role if the condition µ a s B 0 /k B T 1 [11] is not fulfilled, which is the case, for example, for Gd 3+ ions at B 0 > 0.2 T if T falls below 10 K. With regard to interatomic spin-spin couplings in the cm -1 range, one should consider that an external magnetic field B 0 = 1 T corresponds to the energy equivalent wavenumber 0.466 864 cm -1 (see Appendix), so that spin-spin coupling and applied field have to be regarded as competing effects. Neglecting in these situations the effect of the external field, namely, applying according to common practice a model susceptibility equation which presupposes field-independent data, wrong conclusions are arrived at: (i) magnetic saturation may then falsely be explained by antiferromagnetic interactions and (ii) weak ferroor antiferromagnetic spin-spin couplings will not be recognized because characteristic features in the χ m -T behavior, for example, a steep increase on cooling or a maximum, are quenched by a too strong applied field. Two examples may demonstrate that danger of misinterpretation is ahead.
Situation (i) (see Fig. 1 , solid lines) refers to a heterodinuclear Gd(III)-Cu(II) complex (S Gd = 7/2, S Cu = 1/2) of ferromagnetically coupled spins with the exchange parameter J ex = 5 cm -1 (spin Hamiltonian for isotropic coupling (Heisenberg model)Ĥ ex = -2J exŜGd ؒŜ Cu ). Solely for B 0 = 0.01 T (a) the expected plateau at µ eff = 8.94 [12] is obtained at T ≤ 2 K except for T ≤ 0.2 K. In order to adjust J ex by fitting procedures to corresponding experimental data, it is justified to apply a susceptibility equation valid for B 0 → 0 (Van Vleck approach). For measurements with the stronger field 0.1 T (b) and all the more 1 T (c) deviations are obvious, which are not adequately described by the simple model. They could be misinterpreted, however, as an additional antiferromagnetic intermolecular spin-spin coupling. A similar problem arises if a corresponding uncoupled system is considered (Fig. 1,  dotted lines) . A straight line parallel to the T axis is obtained at µ eff = 8.13 [12] for B 0 → 0 (curve a), while increasing deviations from this reference line to lower values are again obvious with increasing field (b,c), falsely interpreted as an intramolecular spin-spin coupling of antiferromagnetic nature. Hence, either the measurements are carried out at very weak applied fields or the extended susceptibility formula is used as in the given model calculations [6, 13] . a correct adjustment of J ex , either the external field must be weak enough to apply Van Vleck's approach or the susceptibility equation for fitting has to account for the field dependence of the magnetic susceptibility.
PRESENTATION OF MEASURED MAGNETIC DATA
Suppose that a new material is available and one wants to get a quick overview on its magnetic properties as a function of temperature and applied field. It is recommended that one run an m(T) sweep at low magnetic field (B 0 in the 10 -2 T range) over the full temperature range with ∆T steps of 5 K at low temperature and larger steps above it. The weak field guarantees that superconductivity and spontaneous magnetization as well as ferro-/antiferromagnetic couplings and spin cross-over stand out in such a scan. Moreover, regions are identified where µ eff and χ m vary in a special way with temperature. Then, a complete characterization may follow in the regions of particular interest: (i) under stepwise increase of the applied field (∆B 0 ∼ 0.5 T), (ii) performing a zero-field-cooled/field-cooled (ZFC/FC) set of measurements to indicate spontaneously magnetized materials [14] [15] [16] , (iii) measuring the susceptibility in alternating fields (ac option) to study the dynamics of the magnetic system under investigation [17, 18] .
To present the temperature-dependent magnetic behavior of paramagnetic samples, the graphs for χ m -1 , µ eff , and χ m as a function of T are currently used. For magnetically dilute compounds exhibiting Curie paramagnetism, that is, increasing χ m with decreasing T, the χ m -1 -T plot is especially useful in the case of pure spin magnetism observed for systems with thermally isolated orbital singlet ground states, for example, for both 3d 3 , 3d 8 in octahedral surrounding, and 3d 5 , 4f 7 ions. They often show a more or less linear behavior. If deviations from linear behavior occur, the µ eff -T plot [19] is reasonable to show the temperature dependence owing to ligand-field effects, including the special feature of spin cross-over [20] , as well as cooperative magnetic effects. We recommend one use this plot or alternatively the µ eff 2 -T plot instead of the χ m T -T one for two reasons: (i) The number µ eff has the same numerical value in the SI and CGS-emu system, (ii) µ eff is easily compared with the corresponding spin-only value µ eff = 2√S Concerning corresponding molecular systems, we refer to ref. [14] . In the case of ferro-and ferrimagnetic interactions, the paramagnetic properties are favorably presented as variation µ eff vs. T. For actual examples, we like to quote ref. [21] . If antiferromagnetic interactions are present, the χ m vs. T plot is preferred to that of µ eff vs. T one, owing to the indication of a maximum in the magnetic susceptibility and the respective temperature. If occasion arises, their values may serve to evaluate the exchange parameter J ex .
INTERPRETATION OF MEASURED DATA
The variation of χ m , µ eff , M m vs. T and vs. B 0 , respectively, serve to characterize the electronic ground state of the magnetic system under investigation. The major effects producing the ground state are interelectronic repulsion (abbreviation H ee ), spin-orbit coupling (H SO ), ligand field (H LF ), interatomic exchange interaction (H ex ), and applied magnetic field (H mag ). Table 3 gives approximate sizes of the corresponding energy splittings. 4f > 5f ≈ 10 4 b
Ligand-field potential H LF 3d, 4d, 5d 3d < 4d < 5d ≈ 2 × 10 4 b 4f ≈ 10 2 5f ≈ 10 3
Spin-orbit coupling H SO 3d, 4d, 5d 3d < 4d < 5d ≈ 10 3 b 4f, 5f 4f < 5f ≈ 10 3 b
Exchange interaction H ex nd
a Conversion to other units, see Table 6 (Appendix). b Approximate value according to ref. [22] .
Estimated magnetic behavior of magnetically dilute systems
To predict reliably the magnetic behavior of mononuclear d and f electron systems, computer programs are available [13, [23] [24] [25] . The general case can be treated considering H LF [26, 27] by the angular overlap model [23, 28] or the superposition model [27] . If such programs are not at hand, one can estimate the magnetic behavior using the instructions given in Table 4 .
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a hs and ls assign high-spin and low-spin configuration, respectively. b χ m = f(T) stands for complicated variation χ m vs. T on account of competing effects; C' is a constant which deviates more or less from the Curie constant C (cf. For 3d electron systems, the configuration 3d 5 (high-spin) is outstanding due to the 6 A 1 ground state which yields the Curie law (1) corresponding to temperature-independent spin-only µ eff (2) Another special case is the 1 A 1 ground state of 3d 6 low-spin systems leading to temperature-independent (Van Vleck) paramagnetism (TIP) with parabolic variation µ eff~ √T -. In the case of a nonhalf-filled 3d subshell, the ground state can be A, E, or T. For the former two, χ m is often given as a sum of a temperature-dependent Curie term and a TIP contribution χ 0 (see Table 4 ) where µ eff is close to the spin-only value and varies only a little with temperature. The µ eff behavior of systems with T ground terms, however, is strongly temperature-dependent [29, 30] . As an example, the variation µ eff vs. T and χ m -1 vs. T of a 3d 1 ion, e.g., Ti 3+ , V 4+ , is exhibited in Fig. 4 where the ligand field has octahedral and orthorhombic symmetry, respectively. For the octahedral system, the unquenched orbital contribution to the magnetic moment and the spin part produce via H SO a nonmagnetic ground state (µ eff → 0 for T → 0). The variation χ m -1 vs. T shows another feature in that for T > 150 K a linear increase with temperature is observed. Reducing further the ligand field symmetry, for example, to C 2v , the quenching of orbital contributions to µ eff is (nearly) complete so that H SO has no effect. Almost pure spin magnetism results with a temperature-independent µ eff = 1.73.
In 4d and 5d electron systems, H SO increases and H ee decreases compared to the 3d case. No simple formula is available to describe the variation µ eff vs. T. As a rule, the µ eff values are lower than those of comparable 3d systems. µ eff (spin-only formula) with = + ( )
The magnetic behavior of 4f electron systems is well predictable with programs [13, 23] . Neglecting the influence of the ligand field, which means temperatures well above 100 K, and having a magnetic ground state of specific J, Hund's formula applies:
It is recommended that one display a graph showing the variation µ eff vs. T. Because of Kramers' rule for centers with an odd number of 4f electrons, a degenerate ground state is always observed leading to Curie behavior at temperatures below 10-20 K (in the absence of magnetic cooperative effects). In the case of an even number of f electrons, degenerate as well as nondegenerate ground states can be found leading to Curie behavior and TIP, respectively, at low temperature.
Going to 5f electron systems, H SO and H LF increase according to the larger effective nuclear charge and the fact that 5f electrons are more accessible for ligands, respectively. No simple approximation can be made. So, the only possibility to predict the magnetic behavior for the ions are computational methods [13, 23] .
Estimated magnetic behavior of magnetically condensed systems
If the magnetic susceptibilities, recorded at low applied fields, cannot be explained by the above-mentioned laws and if corresponding structural reasons are given, exchange effects possibly have to be included. For such systems showing cooperative magnetic phenomena like antiferro-or ferromagnetic interactions, the following methods can be applied for the interpretation of the magnetic behavior.
For half-filled subshell systems [Mn 2+ (hs), Fe 3+ (hs), Eu 2+ , Gd 3+ ] where ligand field effects play no role, the aforementioned methods lead to the spin-only formula with Curie behavior. Deviations from this behavior are due to cooperative effects which can be described at sufficiently high temperature with the Curie-Weiss law (4) where θ is the Weiss constant; z i is the number of i th nearest neighbors of a given magnetic center, J ex,i stands for the exchange interaction between the i th neighbors, and n is the number of sets of neighbors for which J ex , i ≠ 0 [31] . Positive and negative θ values refer to predominating ferro-and antiferromagnetic interactions, respectively. The layer-type compound FeCl 2 may serve as an example that is magnetically characterized by dominating ferromagnetic intralayer and weaker antiferromagnetic interlayer interactions. This does lead to θ > 0, but an antiferromagnetic spin structure is observed below the Néel temperature. In such extended magnetic systems, a classification of the interactions with respect to nearest, next-nearest, and further neighbors is possible if the susceptibility data at temperatures between the Curie-Weiss region and the magnetic ordering temperature (T C , T N ) are included in fitting procedures on the basis of a powerful approach, the high-temperature series expansion [6, 32, 33] . Unfortunately, the Curie-Weiss law is also often used for magnetically dilute systems, misinterpreting the effect of H LF + H SO as cooperative phenomena. For instance, it is possible to describe roughly the variation χ m -1 vs. T of the 3d 1 (oct.) system at T > 150 K by this law (see Fig. 4 ). However, cooperative magnetic effects are excluded and the corresponding "θ " value is meaningless in this respect. Similarly, attempts to fit the paramagnetic properties of f systems (except for 4f 7 configuration) on the basis of the Curie-Weiss law are not justified (see ref. [34] for a deeper discussion).
For nonhalf-filled subshells where both exchange and ligand field effects play a major role and where the single ion behavior deviates from Curie law, the variation of the magnetic susceptibility with temperature above the ordering temperature is described by the molecular field model in the form (5) where χ' m refers to the single ion susceptibility and the molecular field parameter λ describes the exchange interactions in the molecular field model; g may deviate more or less from 2, depending on orbital contributions to the center's magnetic moment.
Finally, we emphasize so-called high-nuclearity magnetic clusters. These entities are the object of an essential and fast-growing field in molecular magnetism. Advanced computer programs have been developed for the interpretation of the characteristic magnetic features of such systems [35].
Hints on publication of magnetochemical results
If magnetochemical results are to be published, it is recommended that one give the following information: (i) magnetometer, magnetic field strength, temperature range; (ii) diamagnetic correction; (iii) number of magnetic centers to which the measured quantities refer [36] ; and (iv) definition of the exchange parameter J ex,i in the form of the relevant spin hamiltonian. Unfortunately, J ex,i is not uniformly defined. Instead of the original version Ĥ ex = -2J exŜ1 ؒŜ 2 [4, 5] preferred by us, one finds Ĥ ex = -J ex S 1 ؒŜ 2 [14] and Ĥ ex = J exŜ1 ؒŜ 2 [21] . Furthermore, most authors do give J ex in units of cm -1 , but K and eV are also in use (see Appendix, Table 6 for conversion factors). Sometimes, this may be a problem in the development of magneto-structural correlations, if several series of J ex values, obtained by different authors, are to be compared. Energy equivalents, labeled by subscript 'eq' on the symbol E, are physical quantities that, when multiplied or divided by one or more fundamental physical constants (cf. Table 6 gives numerical values of the energy equivalents. Conversion to electronvolt (eV) is straightforward, and does not involve an energy equivalent. Table 6 Energy conversion factors (after [37] 
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